To identify DNA polymorphisms that are abundant in the human genome and are detectable by polymerase chain reaction amplification ofgenomic DNA, we tested the hypothesis that the polydeoxyadenylate tract of the Alu family of repetitive elements is polymorphic among human chromosomes. We analyzed the 3' ends of three specific Alu sequences and found that two (in the adenosine deaminase gene and the /3-globin pseudogene) were polymorphic. This novel class of polymorphisms, termed AluVpA [Alu variable poly(A)J may represent one of the most useful and informative group of DNA markers in the human genome.
The mapping of the human genome is greatly facilitated by the enormous normal variability of the DNA sequences between two randomly chosen homologous chromosomes. This DNA polymorphism provides the basis for the large number of markers currently being used to construct linkage maps and search for the location ofunknown genes that cause hereditary disorders (1) . Several types of DNA polymorphisms have been described: (i) single nucleotide substitutions that can be detected by restriction analysis (2); (ii) variable number of tandem repeats (VNTR), in which a 9-to 45-nucleotide unit is repeated (3, 4) ; (iii) presence or absence of retrotransposons-i.e., Alu and Li repetitive elementsand pseudogenes (5-7); (iv) variable number of dinucleotide repeats (VNDR), in which a dinucleotide is repeated (8) (9) (10) (11) (12) . The last class of DNA polymorphisms can only be detected after polymerase chain reaction (PCR) amplification of DNA (13) and separation of the different alleles by polyacrylamide gel electrophoresis.
Despite all of these DNA polymorphisms, there are still numerous instances in which a certain DNA fragment cannot be used as a marker because of the lack of such polymorphisms or in which a given family with a specific disorder is not informative for a known polymorphism and therefore cannot be used in a particular linkage analysis. In this study we explored the possibility that the tracts of adenine residues [poly(A)] within the 3' ends of the Alu repetitive elements in the human genome (14, 15) are polymorphic, i.e., that they contain a variable number of adenine residues on different chromosomes. We studied the poly(A) tracts in three Alu sequences: in the f-globin gene cluster on the short arm of chromosome 11 (lip); in the adenosine deaminase gene on chromosome 20; and in the factor VIII gene on the X chromosome. We found that the poly(A) tracts ofthe first two Alu sequences were polymorphic and termed them AluVpA [ (17) (18) (19) .
Amplified Alu Repeats. Three Alu repeats and their corresponding 3' poly(A) tracts along with a small stretch of nonrepetitive DNA were used for amplification to determine whether these poly(A) tracts were polymorphic. The first Alu repeat studied is located within the P-globin gene cluster about 500 nucleotides upstream from the /3-globin pseudogene (20) on the short arm of human chromosome 11 . A 158-nucleotide DNA fragment was amplified by using oligonucleotides OLl and OL2 as primers for the PCR. Oligonucleotide OLi (5'-AGAGATCGCGCCACTGCACA-3') is part of the "right" arm of the Alu repeat (14) and therefore hybridizes to a large number of Alu repeats in the genome; oligonucleotide OL2 (5'-CACAGCCTTTCTTGGTTTTC-3'), however, is derived from a single-copy sequence. PCR amplification resulted in a DNA fragment that contained in the published sequence (21) a poly(A) tract of 45 nucleotides interrupted by four guanines. The second Alu repeat studied is located about 1100 nucleotides 5' to the transcription initiation site of the adenosine deaminase gene on human chromosome 20 (21) . A 188-nucleotide DNA fragment was amplified by using oligonucleotides OL3 and OL4 as PCR primers. Oligonucleotide OL3 (5'-CCAGATCGCGCCACT-TCACT-3') is similar, but not identical, to OL1 and is part of the "right" arm of the Alu repeat; oligonucleotide OL4 (5'-AGATGAGCATAGATACGAGA-3') is derived from the nonrepetitive area 3' to the Alu sequence. The amplified DNA from this latter reaction contained in the published sequence (21) a poly(A) tract that consisted of the short sequence TAAA repeated nine times. The third Alu repeat studied is located in the first intron of the factor VIII gene on the X chromosome. A 197-nucleotide fragment was amplified by using oligonucleotides OL5 and OL6 as PCR primers. Oligonucleotide OL5 (5'-GTGATTGTTCCACTGCACTG-3') is also similar but not identical to OL1 and OL3 and is again part of the right arm of the Alu repeat; oligonucleotide OL6 (5'-GTGCCTTGGTGAAAAATAAAGC-3') is derived from the nonrepetitive area 3' to the Alu sequence (22 In order to detect the different polymorphic alleles, the amplified DNA fragments were labeled with 32p. Usually, the nonrepetitive oligonucleotide (OL2, OL4, or OL6) was 5'-end-labeled by using [y-32P]ATP (3000 Ci/mmol, New England Nuclear; 1 Ci = 37 GBq) and T4 polynucleotide kinase (BRL). Alternatively, 1-2 uCi of [a-32P]dCTP at 800 Ci/mmol was added to the PCR mixture, with or without reduction of unlabeled dCTP to 50 ,uM. Two microliters of the amplified products was mixed with an equal volume of formamide buffer (95% formamide/20 mM EDTA/0.05% bromophenol blue/0.05% xylene cyanol FF), boiled for 2 min, and electrophoresed in 6% polyacrylamide/8 M urea sequencing gel for 2-2.5 hr at 58 W. After electrophoresis, the gel was dried and exposed to Kodak XAR-5 film for 1-16 hr.
DNA sequencing with modified T7 DNA polymerase (Sequenase, United States Biochemical) was performed on the PCR products as described (24) . As sequencing primers we used either OL2 or OL4 or a third internal primer [OL7 (5'-TCTCTAGCGCGGTGACGTGT-3') for the OL1/OL2 amplification; OL8 (5'-AGTGGTTATCTCAGGTGAAAG-3') for the OL3/OL4 amplification]. Sequencing primers were end-labeled by using [-32P]ATP and T4 polynucleotide kinase. Approximately 100 ng of PCR product, purified by spin dialysis with Centricon-30 (Amicon), was annealed to 10 ng of the sequencing primer in 11 ,ul on ice for 3 min. After heat denaturation for 5 the polymorphic alleles, the nucleotide sequences of PCR amplification products from individuals homozygous for a given allele were determined. The difference among alleles is due to different numbers ofthe TAAA repeated units (Fig. 2) . No new alleles were observed in 750 meioses studied in the 40 CEPH families. Linkage analyses using data from the V3 CEPH data base of chromosome 20 DNA markers and the AluVpA polymorphism in the adenosine deaminase gene described here showed that this polymorphic marker is Fig. 3 shows the analysis of one family in which the parents were homozygous for the upper and lower alleles and all the offspring were heterozygous.
The inheritance of the alleles was Mendelian in all CEPH families examined, and no new alleles were observed in 730 meioses examined. Nucleotide sequence analysis of amplified DNAs from individuals homozygous for the upper or lower alleles (Fig. 4) but rather a group ofthree or more bands of variable intensity of which the most prominent band represents the actual allelic size. This is presumably due to errors by Taq polymerase (i.e., the polymerase incorporates one more or one less adenine in the newly growing nucleotide chain) when it reads through the poly(A) stretch of DNA. When the two ends of the PCR amplification product were cleaved by a restriction endonuclease, only the fragment with the repeats showed the pattern of multiple bands (data not shown), suggesting that there is no polymerase error at the beginning or end of the amplification reaction. Table 1 shows the frequency of the "two" alleles of this polymorphic system and the observed heterozygosity in the unrelated individuals of the CEPH families. Linkage analyses using data from the V3 CEPH data base ofchromosome 11 DNA markers and the AluVpA polymorphism in the f3-globin pseudogene showed (as expected) no recombination with other markers within the /3-globin gene cluster. For example, there was no recombination between the pseudoj3-globin AluVpA and the HindIII site in the y-globin gene (6 = 0.00; z = 11.3).
The amplified 3' end of the Alu repeat from intron 1 of the factor VIII gene was not polymorphic in the DNA of 20 unrelated females (40 X chromosomes examined) from the CEPH families. DISCUSSION PCR amplification of specific DNA fragments (23) greatly facilitates the study ofthe human genome because ofits many advantages over techniques that require nucleic acid hybridization (27) None of the above 7 3.6 One hundred ninety-three Alu repeats from the GenBank data base (release 62.0; December 15, 1989) were examined. *For example, (TA3)", (CA4)n, (GA3),, (GA)", or (TA2)n, where n 2 3. sent one of the most abundant polymorphic markers in the human genome since >105 Alu repetitive elements exist in the haploid human genome. The detection of these polymorphisms is based on electrophoresis of radioactive PCR amplified products. We found that the best results were obtained by using a 1:10 concentration ratio of repetitive primer to nonrepetitive primer. In addition to the specific PCR products, other amplification products are also seen in the polyacrylamide gels and may represent Alu-Alu amplification products. These products are numerous when radioactive dNTPs are incorporated into the amplified DNA and are not totally absent when the single-copy primer is end-labeled. Different alleles may be defined by differences in the length of the amplified products due to the different number of adenine residues in the poly(A) tracts (32, 33) , or unequal homologous crossing-over.
To estimate the extent ofAluVpA polymorphisms in the Alu repeats, we have categorized the 3' ends ofa sample of 193 Alu sequences included in the GenBank sequence data base. As shown in Table 2 , almost 80Wo ofAlu repeats have >10 adenine residues at their 3' ends (type 1) and 5.7% contain a patterned short A-rich unit such as TAAA, CAAAA, GAAA, or TAA repeated at least three times (type 2). Furthermore, 7.3% have characteristics of both types 1 and 2, for they contain more than 10 adenines and a patterned short repeated unit. We anticipate that a large number of those Alu types may be polymorphic. The Alu sequences with a short poly(A) tract (type 3) or no poly(A) tract at all (type 4), which comprise 7.2% of the sequences examined in Table 2 , may not be polymorphic. Recently, Orita et al. (34) 
